Several inhibitors of ornithine and arginine decarboxylases reduced growth of the fungus Botrytis cinerea cultured on Czapek Dox agar. Of these, the most effective were difluoromethylornithe (DFMO), dehydromonofluoromethylornithine, difluoromethylarginine and dehydromonofluoromethylarginine. The growth inhibition due to 1 mM-DFMO could be partially reversed with 1 pM-putrescine. Other compounds causing significant reversal of DFMO-mediated growth inhibition included diaminopentane (cadaverine), diaminoheptane, spermidine, 7,7-difluorospermidine, spermine, bis(2-aminoethyl)amine, 2-hydroxy-1,3-diaminopropane, monoacetylputrescine, butenediamine and aminoguanidine. Some compounds, which were relatively innocuous by themselves, increased growth inhibition due to DFMO. Notably effective compounds were methylacetylenicputrescine, aminooxyaminopropane, butynediamine, 2,2-difluoroputrescine, diacetylputrescine, methylglyoxal bis(guanylhydrazone), streptomycin, certain methylated amines, and cyclohexylamine and related compounds. Growth inhibition due to a homologous series of diguanidines [NH,C(=NH)NH(CH,),NHC(=NH)NH,] was also tested. These were especially effective when x = 12, and when x = 5 or 6. In general, the results suggest that amino-acid-based inhibitors of ornithine decarboxylase have a greater permeability than amine-based inhibitors.
Introduction
It is now well established that in many organisms the natural polyamines, putrescine, spermidine and spermine, play a prominent part in mechanisms for the control of growth and development (Bachrach & Heimer, 1988) . Polyamine biosynthesis is greatly stimulated in rapidly growing tissues, and exogenous polyamines promote growth. Prevention of polyamine formation therefore offers a potential means of inhibiting growth. In animals, biosynthesis of the polyamines is initiated by the enzyme ornithine decarboxylase (ODC; EC 4.1 . 1 .17), which forms putrescine. Several powerful enzyme-activated irreversible inhibitors of this enzyme have been discovered, notably difluoromethylornithine (DFMO). Recent work (Rajam & Galston, 1985; Boyle et al., 1988; Rajam et al., 1989; Shapira et al., 1989; Walters, 1989) has shown that this inhibitor can reduce fungal growth. In some of these studies, DFMO reduced the growth of plant pathogenic fungi, while having little apparent effect on the host plants. This is probably because higher plants have an alternative pathway [via arginine decarboxylase (ADC); EC 4.1 . 1 .19] for putrescine biosynthesis which is thought to be unavailable to the fungus. This discovery has been the subject of two recent patents for the use of DFMO and similar ODC inhibitors as fungicides (Weinstein & Galston, 1988 ; Carson & McCann, 1988) .
In the present work, the effect of several irreversible ODC and ADC inhibitors and various amines on the growth of Botrytis cinerea was investigated.
Methods t Present address : Merrell Dow Research Institute, Gruppo-Lepetit
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Growth. Botrytis cinerea Pers. (grey mould) was maintained on 25 ml unsupplemented Czapek Dox medium containing 1.5 % (w/v) purified agar (Oxoid), in sealed 9 cm Petri dishes, lid down, at 23 "C (optimum; Tan & Epton, 1973) , in the dark. Additions of all filter-sterilized chemicals (0.2 pm cellulose acetate membranes) were made when the temperature of tfie autoclaved medium had fallen to about 50 "C. Plates were inoculated with single 5 mm plugs cut from the leading edge of 3-to 5-d-old colonies. Measurements of radial growth were taken 4.5 d 0001-5928 O 1990 SGM after inoculation. Treatments were set up in duplicate, and two measurements were made on each plate at right-angles to each other. The statistical analysis, presented in the tables as the least significant difference (LSD) at the 0.05 level of probability, is based on a minimum of four measurements for each treatment (amine alone, DFMO alone, and amine + DFMO). The mycelial growth in the control (no treatment) had usually covered the surface of the agar after 6 d. For calculation of radial growth, the plug diameter was subtracted from the radial measurement.
For growth in liquid medium, 100 ml of Czapek Dox (Oxoid, CM95) was autoclaved in 250 ml conical flasks and inoculated with 5 mm plugs, four to each flask. All filter-sterilized chemicals to be studied were added to the flasks containing autoclaved medium (20 "C). Flasks were incubated at 23 "C on an orbital shaker (1 20 r.p.m.). Mycelia were separated from the medium by centrifugation (23000 g, 20 min), washed in water, and recentrifuged. Growth was estimated by fresh weight, and after drying in a vacuum over silica gel overnight at room temperature.
Chemicals. Free-base polyamines were converted to the hydrochlorides and crystallized from diethylether/ethanol/water mixtures. Other amines derived from cyclic hydrocarbons were obtained as the free bases and neutralized with hydrochloric acid in aqueous solution. Mono-and diacetylputrescine were synthesized by the method of 'Tabor et al. (1971) . Since repeated crystallization of the monoacetylputrescine from 2-propanol failed to reduce the putrescine below 1 %, this was purified by high voltage paper electrophoresis at 1500 V for 2 h in 0.1 M-pyridine/acetic acid buffer (pH 4.6) on Whatman 3 MM paper using ninhydrin for detection (Smith & Marshall, 1988) . The mobility relative to putrescine was 0.55. The monoacetylputrescine was eluted with water and the volume reduced under vacuum at 50°C. The putrescine content was then insignificant (< 0.01 %). 
Results and Discussion
Reduction of growth by inhibitors of ODC and ADC, and its reversal by amines Considerable growth reduction was found on testing some of the irreversible inhibitors of ODC and ADC. The best were DFMO, AMFMO, DFMA and AMFMA (Table 1) . However, MAP, which is a particularly effective enzyme-activated inhibitor of ODC in rat prostate, Trypanosoma brucei brucei (Bey et al., 1987) and Botrytis cinerea (Smith et al., 1990; M. Goosey, personal communication) appeared to produce a relatively small reduction in growth (Table 1) . ALP, which is similarly known as an efficient inhibitor of ODC (Bey et al., 1987) , was likewise comparatively ineffective in causing reduction of Botrytis growth. DFMA and AMFMA do not inhibit Botrytis ODC in vitro (Smith et al., 1990) and ODC inhibition cannot therefore explain the growth reduction found with the arginine analogues. There are several possible reasons for this anomaly. (1) Putrescine could be formed additionally via an ADC in Botrytis, as found in certain other fungi (Khan & Minocha, 1989) . The arginine analogues may be partially hydrolysed by arginase to DFMO and AMFMO respectively, thus inhibiting both ODC and ADC. (2) The arginine analogues may inhibit arginase, thus reducing the availability of free ornithine. (3) It is also possible that the arginine analogues are activated in protein synthesis in place of arginine.
Growth inhibition due to DFMO could be readily reversed in the presence of 1 mM-putrescine. Measuring growth in liquid culture by both fresh and dry weight, 1 mM-DFMO inhibited growth to < l o % of the control, and this was fully reversed by putrescine at 1 mM. Putrescine alone appeared to stimulate growth by up to 50% in liquid culture, but in agar, putrescine by itself had no significant effect on the growth of B. cinerea ( Fig. 1 ). However, even 1 PM caused about 50% reversal of the inhibition due to DFMO at 1 mM, and 10 p~ restored growth fully. For this reason it is important to use a medium containing no contaminating di-or polyamines when assessing the efficiency of potential inhibitors of ODC. The fact that only small amounts of putrescine are able to reverse the DFMO-mediated growth inhibition explains the slow reduction found in the presence of DFMO. Only after the endogenous polyamines have been diluted will they become growth limiting. This probably also explains the relative lack of effect of DFMO on spore germination (data not shown) and also noted by Trione et al. (1988) for spores of Tilletia.
In a homologous series of diamines, putrescine (C,) was the most effective in causing this reversal (Fig. l) , with cadaverine (C,) about 30% as efficient. In addition to these diamines, other analogous compounds were found to reverse the growth inhibitory effects of DFMO (Table 2) . Predictably, these included spermidine and spermine, which are well established as primary metabolites of putrescine. bis(2-Aminoethyl)amine, an analogue of cadaverine, also showed some reversal, as did butenediamine and difluorospermidine. Diaminoheptane (C,) was considerably more effective than the C6 or C8 diamines (Fig. l) , possibly as its length corresponds approximately to that of spermidine. Although diaminopropane was ineffective (Fig. l) , 2-hydroxydiaminopropane showed significant reversal (Table 2 ). In the absence of DFMO significant reduction in growth was caused by the C8 and CI2 diamines (Fig. 1) .
Early attempts in the present work to reverse DFMO inhibition with monoacetylputrescine, although successful, were confused by the residual putrescine in the preparation, which was difficult to remove by repeated crystallization. However, putrescine-free monoacetylputrescine purified by preparative electrophoresis still reversed the DFMO-mediated growth inhi bition. This may therefore result from the presence of a deacetylase in B. cinerea, an enzyme which is known to occur in some fungi (Haywood & Large, 1986) . Diaminobutanone and agmatine, although structurally similar to putrescine, did not significantly reverse the growth reduction caused by DFMO (results not shown). Moreover, 1 mM-diaminobutanone permitted growth at 73% of the control, although this amine is a very effective competitive inhibitor of ODC in Aspergillus nidulans (Stevens & McKinnon, 1977) . The reversal found with aminoguanidine ( Table 2) may be explained by the inhibition of enzymes degrading putrescine and the polyamines (Seiler et al., 1983) . It is possible that the reversal of growth inhibition by the diand polyamines could be explained, at least in part, by competition of the amines with DFMO for transport sites on the cell membranes. Such systems have been demonstrated in bacteria and yeast (Massart, 1948 ; Elferink, 1975) .
Synergism of DFMO-mediated growth inhibition
Several compounds were found which, although relatively innocuous alone, caused a considerable increase in the DFMO-mediated growth inhibition (Table 3) . Aminooxyaminopropane is a potent competitive inhibitor of mammalian and bacterial ODC and of mammalian spermidine synthase (Hyvonen et al., 1988) . It was not an effective inhibitor of growth of B. cinerea, possibly because it is excluded from the cell in the absence of DFMO; this may also be true for MAP (Table 1) . The putrescine analogue ALP, which is known to have only weak ODC inhibitory properties, albeit in other organisms (Bey et al., 1987) , showed no synergism with DFMO. Notable compounds showing synergism with DFMO included several methylated polyamines. In other work, DFMO-mediated polyamine depletion of SV-3T3 cells caused growth inhibition, which could be reversed by several chain-methylated polyamine derivatives. However, unlike the present work, in no case was growth in DFMO shown to be further reduced in the presence of the spermidine analogues (Nagarajan et al., 1988) .
Other putrescine analogues showing a synergistic effect with DFMO in the present work included butynediamine (Table 3) , in contrast to the behaviour of butenediamine ( Table 2) , which reversed DFMO inhibition. Also difluoroputrescine (Sarhan et al., 1987) , unlike difluorospermidine, enhanced DFMO inhibition ( Table 3) .
Cyclohexylamine and analogous compounds, which include cyclopentylamine, cycloheptylamine, 4-methylcyclohexylamine and cyclohexanemethylamine also acted as synergists for DFMO-mediated growth reduction (Table 4) . Cyclohexylamine and related compounds inhibit spermidine synthase (Porta et al., 1983 ; Shirahata et al., 1988; Bitonti & McCann, 1987) and it is possible that this synergism is related to their abilities to inhibit this enzyme. A similar augmentation of DFMO-mediated inhibition by cyclohexylamine has been found with the yeast Candida (Pfaller et al., 1988) .
czs-1,4-Cyclohexanediamine (Sarhan et al., 1987) was not an effective growth inhibitor, despite its structural similarity to putrescine and to cyclohexylamine, the established inhibitor of spermidine synthase.
A possible explanation for the increased growth inhibition caused by some of these compounds in the presence of DFMO may lie in the broad specificity of a membrane-based diamine uptake system, which becomes activated when endogenous putrescine is depleted. A system with some of these characteristics has been found in Ehrlich ascites carcinoma cells (AlhonenHongisto et al., 1980) and in Neurospora (Davis & Ristow, 1989) . The putrescine analogues present in the medium could then be accumulated to growth inhibitory levels. This suggests the possibility of increasing the growth reduction due to the ODC inhibitors by causing accumulation of inhibitory amines applied simultaneously, and may provide a new approach to the development of fungicides based on the inhibition of ODC.
Combination of DFMO with other basic chemotherapeutic agents showed a strong synergism in the treatment of trypanosomiasis, though the mechanism for this is still not clear (Tyms et al., 1988) . It would be of interest to determine experimentally whet her access of in hi bi tory amines into the cell is enhanced by DFMO treatment. Alternatively, the further depletion of the natural polyamines by their synthetic analogues might be the result of metabolic intervention. However, changes in access to subcellular particles may be difficult to quantify. With the present state of knowledge, it is not easy to define the precise mechanism of the synergism.
Compounds for which growth-inhibitory properties are independent of DFMO
The effect of several known fungicides on DFMOmediated growth inhibition was also tested. Befran [guazatine (K)] (Hudson et al., 1986 ) was fully inhibitory at 1 mM in the presence or absence of DFMO. At 0.1 mMBefran, growth was reduced to 21 % of the control, but no significant interaction was found with DFMO. Carbendazim (LA), a tubulin-binding fungicide (Dekker, 1984) , was fully inhibitory at 0.1 mM, and at 1 PM it showed significant synergism with DFMO. Metalaxyl (D), a fungicide interfering with RNA polymerase (Davidse, 1984) which is not effective against the Deuteromycotina, showed no interaction with DFMO.
Compounds which were particularly active as growth inhibitors per se included (with concentrations and growth as a percentage of the control given in parentheses) diaminodipropylamine (KL) (1 mM, 15%) and Ndecylamino-l,3-diaminopropane (LA) (1 mM, 4%), previously studied by Brown & Woodcock (1973).
Pentamidine isethionate (R) ( 1 mM, 13 %) and Berenil ( S ) ( 1 mM, 10%; 0.1 mM, 49%) are known polybasic antiprotozoan agents (Bitonti et al., 1986) .
The effect on growth of a homologous series of diguanidines was also tested (Fig. 2) , since these dibasic compounds are structurally similar to the diamines. Greatest inhibition was shown with a methylene chain length (x) of 12 units, but inhibition was also found with x = 5 and 6. DFMO-mediated growth inhibition was not reversed, other than when x = 4, which was just significant. The inhibitory effect of long-chain diguanidines on fungal growth has been noted earlier (reviewed by Hudson et al., 1986 ).
Other workers (Porter & Bergeron, 1988; Casero et al., 1989) have found that some amine analogues are able to suppress ODC activity by utilizing the mechanism for feedback inhibition by the natural polyamines ; these same analogues are then able to interfere with polyamine-requiring processes, thereby reducing growth. A notable example of these polyamine analogues is bis-[(3-p henylmethyl)aminopropyl]-1,7-diaminoheptane (MDL 27695) (Bitonti et al., 1989a, b) . This was a very effective inhibitor of the radial growth of Botrytzs at 1 mM (Ox), though at 0.1 mM it had surprisingly little activity (85 %), and showed no synergism with DFMO.
Hypothesis to account for the results
In conclusion, it seems likely that amino-acid-based ODC inhibitors have relatively free access to the fungal cells, while amine-based inhibitors (e.g. MAP or aminooxyaminopropane) may be unable to enter. In the presence of DFMO, an exclusion mechanism could be inactivated and uptake of the putrescine analogues may even be facilitated, resulting in synergism of the growth reduction. This additional growth loss may be due to inhibition of other pathways of polyamine biosynthesis, as seems likely for cyclohexylamine and its analogues, or even to a disruption of the mechanisms which putrescine and the polyamines control (e.g. nucleic acid and protein synthesis); this could be the explanation for the synergism shown by some of the di-and polyamine analogues (e.g. the methylated and fluorinated amines).
